Objective To investigate CT appearance and size of the thymus in association with participant characteristics. Materials and methods 2540 supposedly healthy participants (mean age 58.9 years, 51 % female) were evaluated for the CT appearance of thymic glands with four-point scores (according to the ratio of fat and soft tissue), size and morphology. These were correlated with participants' age, sex, BMI and smoking history. Results Of 2540 participants, 1869 (74 %) showed complete fatty replacement of the thymus (Score 0), 463 (18 %) predominantly fatty attenuation (Score 1), 172 (7 %) half fatty and half soft-tissue attenuation (Score 2) and 36 (1 %) solid thymic gland with predominantly soft-tissue attenuation (Score 3). Female participants showed less fatty degeneration of the thymus with higher thymic scores within age 40-69 years (P<0.001). Participants with lower thymic scores showed higher BMI (P<0.001) and were more likely to be former smokers (P<0.001) with higher pack-years (P=0.04). Conclusions Visual assessment with four-point thymic scores revealed a sex difference in the fatty degeneration of the thymus with age. Women show significantly higher thymic scores, suggesting less fat content of the thymus, during age 40-69 years. Cigarette smoking and high BMI are associated with advanced fatty replacement of the thymus. Key Points • 74% of participants (mean age 58.9 years) demonstrated complete fatty thymus.
Introduction
The thymus demonstrates a unique morphological change over time in its size, shape and density according to age. The thymic gland reaches its maximum size at puberty and eventually undergoes 'involution', a gradual decrease in size with replacement of fatty tissues [1, 2] . Therefore, normal appearance and size of the thymus have been elusive. In the 1980s, investigations of the thymus on CT were conducted by Barron et al. [3] and Francis et al. [4] with a relatively small number of subjects. Thereafter, advancing technology and modern CT systems have significantly improved the depiction and characterization of the thymus, which subsequently requires updates for assessment of the normal thymus. In 2012, Simanovsky et al. [5] investigated the thymus of 194 trauma patients and revealed a correlation between thymic density and age. More recently, Ackman et al. [6] reported the sex differences in the thymus of 238 young patients (mostly traumatic) in their twenties; the female thymus exhibits higher CT attenuation and, more commonly, a quadrilateral configuration. In the lung cancer-screening study with CT, anterior mediastinal masses were detected in 0.4 % of smokers over the age of 40 years [7, 8] . Our recent study revealed that the prevalence of anterior mediastinal masses was 0.9 % in the population of the Framingham Heart Study [9] . Recognition of a normal thymus in adults is becoming significantly important because it can be misdiagnosed as an anterior mediastinal lesion on screening CT images, usually performed in middleaged and older patients [5, 7] . However, there are no established guidelines for the CT characteristics of the normal thymus.
The Framingham Heart Study (FHS) originally began in 1948 to investigate epidemiological risk factors of cardiovascular disease [10] . The original cohort was recruited independently from health condition of the participants. Subsequently, the offspring cohort, formed by children of the original cohort members and their spouses, was recruited in 1971, followed in 2002 by the third generation cohort, consisting of grandchildren from the original cohort members. Chest CT examinations were performed on the offspring and third-generation cohorts without any clinical intention. Investigating this large population-based cohort for the thymus is distinctive from the previous studies and advantageous in defining the normal thymus.
Other than age and sex, we hypothesize that physical features (body mass index, BMI) and cigarette smoking might be associated with the appearance of the normal thymus, which have not been investigated previously. The amount of fat tissue in the anterior mediastinum is probably associated with BMI and could affect the appearance of the thymus, and there is a known suppressive effect of cigarette smoking on the immune system [11] . This knowledge helps to define the normal thymus and differentiate it from thymic lesions.
The purpose of the present study is to investigate the appearance and size of the normal thymus in the FHS cohort including middle-aged and older adults, and to investigate their associations with demographic features, including age, sex, BMI and smoking status.
Materials and methods

Study population
The institutional review boards at both Brigham and Women's Hospital and Boston University approved the present study, and written informed consent was obtained from all participants upon enrolment in the FHS study. From the FHS participants of the offspring and third-generation cohorts, eligible adult participants were enrolled for chest CT exam. Women who were pregnant or breastfeeding within 6 months were ineligible for the study. From 2008 to 2011, 2764 participants underwent chest CT without administration of contrast media in the supine position using a 64-detector-row CT (Discovery, GE Healthcare, Waukesha, WI, USA) with 120 kV, 300-350 mA, gantry rotation time of 0.35 s, and slice thickness of 0.63 mm. Of these, 131 were missing CT images, 62 had prior sternotomy, and 31 had an anterior mediastinal mass or multiple lymphadenopathy; they were excluded from the study. Therefore, 1296 women (mean age, 60.6 years; standard deviation [SD], 11.4; range 39-92) and 1244 men (mean age, 57.1 years; SD, 12.2; range 34-90), for a total of 2540 participants (mean age, 58.9 years; SD, 11.9; range 34-92) were investigated for thymic appearance on CT and its association with characteristics of participants.
Evaluation of chest CT images
Chest CT images were evaluated for the appearance and size of the thymic glands in a fixed mediastinal window setting (WL=50 HU, WW=350 HU) on a Picture Archiving and Communication System (PACS) workstation (Virtual Place Raijin, AZE Ltd., Tokyo, Japan). Assessment of the thymus was divided into two steps: visual thymic scoring and quantitative measurements. In the first step, a thymic scoring system with a four-point scale (0-3) described previously by Ackman et al. [6] was used. Each score is defined as follows: Score 0, complete fatty replacement and no identifiable soft tissue density in the thymic bed; Score 1, predominantly fatty thymus; Score 2, approximately one-half fatty and one-alf soft-tissue attenuated thymus; Score 3, predominantly soft-tissue attenuated thymus [6] (Fig. 1) .
As a preliminary study to assess the validity of the thymic scoring system, two board-certified radiologists (T.A. and H.H.) reviewed 100 CT images selected randomly from 2540 participants for intra-and interobserver agreements. The first radiologist scored the 100 cases twice and the second radiologist once. The two review sessions by the first radiologist were approximately 1 month apart. All cases were presented in a random order for each session and in a blinded manner of participants' information and other readers' or previous scores.
One of the two radiologists (T.A.) with expertise in thoracic imaging and prior experience in assessing and measuring thymic glands [12, 13] reviewed all the chest CT images and provided a score of 0, 1, 2 or 3 for each case. In the second step of evaluations on the cases provided with Scores 1, 2 and 3, the radiologist (T.A.) used a caliper-type measurement tool on the PACS to evaluate the quantitative features of the thymus, including CT attenuation and size (anteroposterior and transverse diameters, length and thickness of each lobe) [12, 13] (Fig. 2) . For consistency of thymic measurements, a transaxial CT image demonstrating the maximum anteroposterior (AP) diameter of the thymic gland was selected first and all the measurements and evaluations were made on the same image [12] . CT attenuation was measured by placing an oval region of interest (ROI) covering the maximum area of the thymic gland with soft-tissue density excluding the surrounding mediastinal fat tissue as much as possible [12, 13] . The morphology of the thymic gland was also determined using the following categories: (1) pyramidal with convex margin, (2) pyramidal with straight margin, (3) pyramidal with concave margin, (4) round (5) irregular [13] . If the thymus varied in morphology between the lobes [5] (e.g. convex margin in the left lobe and concave margin in the right), description of the dominant lobe with larger length and thickness was adopted [6] .
Characteristics of participants
The characteristics of the participants, including age, sex, BMI, smoking status and pack-year were provided at the examination closest to the CT examination date and compared to the results of visual thymic scoring. Participant age was categorized into six groups: age ≤39, 40-49, 50-59, 60-69, 70-79 and ≥80 years. Thymic scores and measurement results were analysed overall and in each age group.
Statistical analysis
Intra-and interobserver agreements of thymic scores were indicated with the weighted Cohen κ values calculated using MedCalc (version 14.8.1, MedCalc Software, Ostend, Belgium), classified as follows: poor, κ=0-0.20; fair, κ= 0.21-0.40; moderate, κ=0.41-0.60; good, κ=0.61-0.80; excellent, κ=0.81-1 [14, 15] .
All the other statistical analyses were performed using R (version 3.1.1, The R Foundation for Statistical Computing, Vienna, Austria). Participants' demographics were compared between the groups with different thymic scores by linear mixed effect models for quantitative data (age, BMI, packyear) and generalized estimating equations for categorical data (sex and smoking status) to account for familial correlations among the FHS participants [16] . The results for BMI, smoking status and pack-year were adjusted for age and sex. In addition, the results for BMI and pack-year were also adjusted for pack-year and BMI, respectively. The differences in thymic score between female and male, overall or in each age group, were assessed by generalized estimating equations. Correlations between quantitative measurement result (thymic size and CT attenuations) and age were assessed for female and male separately by the Pearson correlation coefficient and significance assessed using linear mixed effect models. The differences of the measurement results between female and male were assessed by the Wald test from regression estimates obtained from linear mixed effect models. P values were twosided and regarded as statistically significant at the level of 0.05.
Results
Intra-and interobserver agreements of thymic scores were excellent; the weighted Cohen κ values were 0.87 (95 % CI: 0.77-0.97) and 0.83 (95 % CI: 0.73-0.94), respectively. Details of the agreements are shown on Tables 1 and 2 . Intra-and interobserver agreements for Scores 2 and 3 showed a perfect match.
Overall results of visual thymic scoring are that 1869 (74 %) showed complete fatty replacement of the thymus (Score 0), 463 (18 %) predominantly fatty attenuation (Score 1), 172 (7 %) half fatty and half soft-tissue attenuation (Score 2), and 36 (1 %) solid thymic gland with predominantly softtissue attenuation (Score 3).
Associations between thymic scores and participants' characteristics are shown in Table 3 . Participants with the lowest thymic score, indicating more fat content (Score 0) were significantly older (mean 61.7 years, P<0.001), more likely to be former smokers (49 %, P<0.001) with higher pack-years (mean 20.3, P=0.04), and have a higher BMI (mean 29.3, P<0.001) than those with higher scores, indicating less fat and more soft tissue. Participants with the highest thymic score (Score 3) were more frequently female (86 %, P<0.001) and more likely to have never smoked (64 %, P<0.001).
The distribution of thymic scores in each sex and age group is shown in Table 4 and Fig. 3 . Overall, there was a significant negative correlation between thymic score and age (Correlation coefficient, −0.41; P<0.001). Female participants were given higher thymic scores than male overall (P<0.001). The sex difference in thymic score was significant in the age groups of 40- (Table 4) . It was not significant in the age groups of ≤39 years (P=0.95) as well as 70-79 years (P=0.32) and ≥80 years (P=0.67). In the age group of ≤39 years, there were only nine female and 41 male participants. A summary of thymic measurements from 671 cases (408 females and 263 males) with thymic scores 1-3 is shown in Table 5 . There was a significant correlation between CT attenuation and age for both female and male (P<0.001). In males, all the variables of thymic size measurement showed no significant correlation with age (P=0.4-0.8). In females, AP diameter (P=0.04) and length of the right lobe (P=0.001) showed significant correlation with age, but other variables of thymic size were not significant (P=0.05-0.2). There were significant differences in measurements in each variable between female and male participants (P < 0.001 for all). Figure 4 demonstrates the negative correlation between CT attenuation and age. CT attenuation in female (mean, −39.3 HU; SD, 27.6) shows higher values than that in male (mean, −51.7 HU; SD, 27.6).
The most frequently seen morphology of the thymus was pyramidal with straight margin (477/671, 71 %), followed by pyramidal with convex margin (147/671, 22 %), pyramidal with concave margin (27/671, 4 %) and irregular (20/671, 3 %).
Discussion
The present study investigated the normal appearance of the thymus in middle-aged and older adults in a large cohort from the general population. The visual assessment with a fourpoint scale revealed the sex difference in thymic appearance on CT in the age group 40-69 years. Cigarette smoking and high BMI are associated with advanced fat degeneration of the thymic gland.
Intra-and interobserver agreements of the four-point scale thymic scoring system were excellent with weighted Cohen κ values of 0.87 and 0.83, respectively. This method originally reported by Ackman et al. [6] was sufficiently reproducible in middle and older age groups in our study as well as in their original study group at age of 20-30 years with weighted Cohen κ values of 0.95.
Our study demonstrated a spectrum of appearance of a normal thymus on CT and the sex difference in the middle and older age groups. In the present cohort from the FHS with a mean age of 58.9 years, only 8 % (208/2540) of overall participants had thymic glands with half or more soft-tissue parenchyma (Scores 2 and 3), and 74 % (1869/2540) showed a complete fatty replacement of the thymic gland due to advanced For interobserver agreement between two radiologists, the weighted Cohen κ value was 0.83 (95 % CI: 0.73-0.94) 2 † P values were calculated with the use of linear mixed effect models or generalized estimating equations to account for familial relationships in the Framingham Heart Study, as described previously [16] ‡ P values for BMI, smoking status, and pack-year were the results of analyses adjusted for age and sex. In addition, P values for BMI and pack-year were also adjusted for pack-year and BMI, respectively involution. Barron et al. [3] reported that 83 % of participants aged 50 years and older demonstrated no visible thymic gland on CT images, which is similar to our results of 82 % (1548/1882) with complete fatty replacement in the same age group (Table 4) . Simanovsky et al. [5] reported that 71 % (138/ 194) of the trauma patients with a mean age of 52.6 years showed complete fat replacement of the thymus. They also reported that no solid tissue component was seen in patients older than 54 years [5] . However, in our study soft tissue component of the thymus was seen in 9 % (104/1111) of the participants aged more than 60 years. The four-point scale visual assessment of the thymic gland negatively correlates to participant age (P<0.001), indicating that the assessment can be used as a benchmark of thymic involution when we discuss the normality of the thymus. In a recent study using chemical shift MRI, Priola et al. [17] suggested that an increase of fat tissue with age might occur in hyperplastic thymus, as occurs in normal thymus. Therefore, further study is necessary to assess the usefulness of thymic scores or other qualitative parameters in differentiation of normal thymus and hyperplasia. The sex difference in thymic scores was significant in participants from 40 to 69 years of age; female participants in this age range showed thymic glands with less fatty contents than male. This was also demonstrated with actual measurement of CT attenuation (Fig. 4) . In the recent study by Ackman et al. [6] which investigated 20-to 30-year-old patients, males showed more rapid fatty intercalation than females. These findings suggest that the onset of thymic involution in women is delayed by approximately 10-20 years in comparison to men. Thymic involution is completed by the age of 60 years in men and 70 years in women, and the sex difference in the thymic appearance seems to eventually fade away by the age of 70 years. Sex steroids are considered to be an important factor for the sex difference of the thymus [6] . A previous animal study suggested that progesterone might play an important role in thymic involution during pregnancy [18] . Although the present study did not investigate the issue, the drastic changes in hormonal status in women, such as pregnancy and menopause, might contribute to the sex difference of thymic degeneration.
In addition to age and sex, our results reveal that thymic scores are associated with smoking status and BMI. Participants with a fatty degenerated thymus (Score 0) are more likely to be former smokers (49 %). On the other hand, those with a solid thymus (Score 3) are more likely to have no primary exposure to cigarette smoking (64 %). Number of pack-years in participants with a complete fat-replaced thymus (Score 0; mean, 20.3) was significantly higher than in those with a solid thymus (Score 3; mean 6.8) (P<0.001). Zeyrek et al. [19] reported that smoking during pregnancy results in a smaller thymus of the newborn; however, the effect of smoking on the adult thymus has not been understood. Our results suggest that cigarette smoking may facilitate fatty degeneration of the thymus. However, further investigation (24) 41 (7) 10 (3) 6 (5) 463 2 Female 2 (22) 43 (18) 46 (11) 24 (7) 1 (0.5) 0 (0) 116 Male 7 (17) 37 (10) 11 (3) 0 (0) 1 (0.6) 0 (0) 56 Subtotal 9 (18) 80 (13) 57 (7) 24 (4) (8) 21 (4) 10 (1) with longitudinal observation is necessary to reveal the exact mechanism by which cigarette smoking affects the thymic gland. Participants with lower thymic scores also showed a significantly higher BMI compared to those with higher thymic scores (P<0.001, Table 3 ). Obesity is associated with an increased risk of infection. Animal studies demonstrate that obesity might cause premature involution and fat accumulation of the thymus, resulting in a decline of naive T-cell production in the thymic gland [20, 21] . Yoshida et al. [22] investigated a large cohort with 1073 human subjects and suggested that high BMI is associated with a decline of T-cell production. Although they did not directly investigate fat depositions in the thymus, based on the above-mentioned animal studies it is likely that a high BMI is associated with an increased amount of fat tissue in the thymus, which we observed on CT in the present study. Therefore, our results are consistent with these prior reports. Another consideration could be that obese subjects might have the thymus gland with more fat tissues interspersed, which may occur in muscle fibre bundles. In the present study, meticulous measurements of the thymic glands revealed that those in males were significantly larger than those in females, thus justifying the data split according to sex, providing reference values for the size of a normal thymus. However, it should be noted that thymus glands at middle and older age, especially in males, are usually not applicable for measurements because of advanced fatty degeneration with an obscured contour. Moore et al. [3, 23] suggested that the overall size of the thymus may not change with aging in adults. Also, in the present study, no significant correlation was detected between thymic size and age, except for AP diameter and length of the right lobe in female. Visual assessment with thymic scores would be a better index of thymic involution rather than quantitative measurements.
In previous studies, the shape of the normal thymus was described as bi-lobed, triangular, pyramidal, arrowhead or quadrilateral [1, [3] [4] [5] [6] [23] [24] [25] . Pyramidal with straight margin was the most frequently seen morphology in our study. Although a convex margin may suggest a hyperplastic thymus [13] , a normal thymus can also often have a convex margin; 22 % showed a convex margin in our study. The shape of the thymus is complex in three dimensions and often asymmetrical with a predominant left lobe [3, 6] . Furthermore, since the thymus is located as if it filled the space between the major vessels in the mediastinum and the lateral margins of the thymus are endorsed with the anteromedial surface of the lungs, it is apparent that these surrounding structures affect thymic morphology [5] . Therefore, we surmise that thymic morphology may play a limited role in defining the normality of the thymus.
There are several limitations in the present study, including a cross-sectional review of CT images instead of longitudinal observation of participants, and non-uniform distribution of age and sex in the cohort. Although the numbers of female and male participants were nearly equal, the younger age group had fewer female participants and the older age group had more female participants. The number of participants at age 39 years and younger was probably too small to draw a statistically significant result. Second, some critics suggest that participants in the FHS may not exactly represent the general population because they may be healthier due to high health consciousness and significant medical support. However, the FHS population of supposedly healthy participants with chest CT imaging performed without any clinical intention along with thorough collection of demographic information provides a unique opportunity to investigate the normal thymus. Third, our results rely mostly on the evaluation and measurement by a single reader based on the excellent intra-and interobserver agreements shown in our preliminary study and the previous report by Ackman et al. [6] as well as our previous investigation of the variability in quantitative measurements of the thymus [12] . Lastly, clinical information specifically associated with thymic diseases is limited, such as autoimmune disease, in particular myasthenia gravis, thyroid diseases, malignancies and treatment history with steroid and antineoplastic drugs [1, 26] . Therefore, in the present study the possibility of inclusion of thymic hyperplasia could not be totally excluded.
In conclusion, visual assessment using four-point thymic scores revealed a normal spectrum of the thymus and a sex difference in the fatty degeneration of the thymus with age. The thymus in women shows less fatty content at age 40-69 years than that in men, suggesting delayed onset and progression in thymic involution in women. Cigarette smoking and high BMI are associated with advanced fatty replacement of the thymic gland.
